This work studies the influence of epsilon particles and metallic precipitates, simulated through the deposition of Pd nanoparticles on non-irradiated UO 2 , on the oxidation of the spent nuclear fuel (SNF). The presence of Pd nanoparticles favored the reduction by hydrogen of oxidized uranium phases located on the UO 2 surface, decreased the oxidation of the UO 2 by H 2 O in the absence of hydrogen, and, in the presence of hydrogen and water vapor, no oxidation of the UO 2 by water was detected, contrasting experiments without Pd nanoparticles.
Introduction
Redox conditions in the near-field of the spent nuclear fuel (SNF) in a High-Level Nuclear Waste Repository are crucial, mainly because of the higher solubility of U(VI)-solid phases compared with U(IV)-solid phases. The oxidation of UO 2 , the main component of the SNF, would involve a higher dissolution of the fuel and a higher release of radionuclides to the groundwaters after a canister failure.
Redox conditions depend on the formation of oxidizing and reducing species by different processes such as radiolysis of water and canister corrosion. In addition, water vapor might be present in the near-field due to residual water from the cooling pools in the nuclear power plants or from the evaporation of groundwaters at the temperature of the repository [1] [2] [3] . The presence of water vapor is of particular importance because it was demonstrated to enhance the oxidation rate of the SNF matrix at ambient temperature [4, 5] .
On the other hand, one of the main reducing species formed in the near-field of the SNF is molecular hydrogen from water radiolysis and the corrosion of the metallic canister [6, 7] . Hydrogen might react with oxidizing species formed in the near-field hindering the oxidation of UO 2 . For example, the consumption of hydrogen peroxide in contact with hydrogen was observed at hydrogen partial pressures between 10 and 48 bar [8] . In addition, previous results of the extent of UO 2 oxidized by water vapor showed that in the presence of hydrogen the percentage of U(IV) in the surface of UO 2 subjected to oxidation by water vapor increased from 7 to 64% at 350°C [9] .
The role of molecular hydrogen hindering the oxidation of the UO 2 could be even more important if the presence of metallic precipitates and epsilon particles in the SNF is considered [10, 11] . e-particles are defined as metallic precipitates of noble metals (such as Au, Ag, Pd, Pt, Ru, Rh and Mo) and are believed to function as catalyzers of the reduction reactions by hydrogen [10, [12] [13] [14] , resulting in less oxidizing conditions at the fuel surface. These particles and precipitates are expected to have an important role on the oxidative dissolution of the SNF. In fact, it was previously observed that in aqueous solution the incorporation of epsilon or Pd particles to UO 2 processes [15, 16] . Similar results were obtained by Broczkowski et al. [17] when studying the oxidation of SIMFUEL in the presence of Pd particles in aqueous solution. Under such conditions, the oxidation was avoided. These authors explained their results considering the galvanic coupling between e-particles and the UO 2 matrix, where the electrons obtained from the dissociation of the H 2 molecule were transferred to the uranium matrix, inhibiting their oxidation. The aim of the present work is to find out the impact of epsilon particles and metallic precipitates on the redox processes involving hydrogen and water vapor in the nearfield of the SNF. In this sense, epsilon particles and metallic precipitates in the SNF were simulated by depositing Pd nanoparticles on UO 2 powder. The oxidation of Pd-doped UO 2 by water vapor in the presence of hydrogen was determined by X-ray Photoelectron Spectroscopy (XPS) measurements of the solid surface at different temperatures.
Experimental

Preparation of UO 2 doped with Pd nanoparticles
Three samples of non-irradiated UO 2 powdered pellets from ENUSA (Empresa Nacional del Uranio S.A., Spain) were used in this study. One of the samples was not doped with Pd nanoparticles. The other two samples contained 0.5% of Pd (simulating a SNF with epsilon particles) and 1.5% of Pd (simulating the formation of metallic precipitates in a high-burnup fuel sample). The percentages of Pd deposited were calculated considering the inventories of a SNF with 60 MWd kg U -1 burn-up [18] . The doping procedure and the sample characterization was the same as in Espriu-Gascon et al. [19] . Briefly, PdCl 2 (s) was dissolved into 0.5% (v/v) of HCl, the resulting solution was added drop by drop to a powder sample of UO 2 until the solid was saturated with the solution. Then, the solid was dried in the oven at 60°C. These last two steps were repeated until all the Pd/HCl solution was located on the UO 2 powder. Afterwards, the solid was heated at 350°C for 24 h. The characterization of the solid obtained at the end of the deposition showed the successful synthesis of Pd nanoparticles onto UO 2 powder particles as described in the bibliography [23] .
After the deposition of the Pd nanoparticles, the three samples were separately compressed to obtain three pellets with 13 mm diameter and 1 mm thickness. The compressed pellets were placed on the XPS sample holder and introduced into the XPS platform.
XPS measurements
XPS was used to determine the uranium oxidation state in the surface of the solids at the end of the experiments. XPS spectra were recorded in a SPECS system equipment. The anode was an Al anode XR50 source operating at 150 W. The detector used was a Phoibos MCD-9 Detector. The intrinsic measuring uncertainty associated to the equipment was ± 0.1 eV of binding energy (BE).
The XPS analysis chamber was connected to a highpressure chamber (HPC) where all the experiments were performed. The chamber was provided with an infrared lamp to increase the temperature and a thermocouple in contact with the sample holder that measured the temperature of the sample. The experiments were planned in order to avoid any contact between the solids and the atmosphere outside the XPS.
The evaluation of the XPS spectra was done by using the CasaXPS program (Casa Software Ltd., UK). The reference peak was the O 1s, which was set at 529.7 eV. The U 4f 7/2 band was used to determine the uranium oxidation state. The band was deconvoluted into three different contributions, associated to U(IV), U(V) and U(VI), respectively, following the deconvolution methodology previously reported in Espriu-Gascon et al. [9] .
Experimental methodology
Preliminary reduction of the UO 2 samples to stoichiometric UO 2 Initial UO 2 samples were determined to be partially oxidized due to their contact with atmospheric air and, in order to start the experiments with a stoichiometric UO 2 , a prereduction process was needed. A previous study showed that the temperature needed to reduce the oxidized phases on non-doped UO 2 samples was completed after 20 min of contact with H 2 (g) (15 ml min -1 of hydrogen from Messer (Germany) with 99.999% of purity) at 500°C [9] . However, the necessary temperature to reduce uranium in the doped samples was 350°C. This value was chosen to avoid melting the nano-particles and changing their size and properties. The determination of the oxidation state of uranium at the end of the pre-reduction step confirmed a complete reduction of uranium to U(IV).
Oxidation experiments with water vapor
Experiments were performed using a 15 ml/min of either argon or hydrogen stream from Messer (Germany) with 99.999% of purity. The gas flow was controlled by using a flow controller from MKS (USA). The gas was saturated with water vapor at room temperature and the gas mixture was introduced into the HPC chamber of the XPS to be in contact with the UO 2 samples at over saturation conditions. Once inside the reaction chamber, the temperature was increased to the values given in Tables 1 and 2 . Afterwards, the samples were cooled down and the gas mixture was pumped out from the HPC to reach vacuum conditions. Finally, the sample was transferred to the XPS analysis chamber avoiding any contact with the laboratory atmosphere.
As it can be seen in Table 1 , two different series of oxidation experiments were carried out. In the first series, samples were put in contact with mixtures of argon and water vapor, and in the second series, argon was substituted by H 2 (g).
Results and discussion
Preliminary reduction of the UO 2 samples to stoichiometric UO 2
The non-doped UO 2 sample was previously reduced by hydrogen at 500°C, and the analysis of the surface showed that uranium was mainly U(IV). The U 4f XPS band showed the characteristics associated to U(IV) [20] [21] [22] [23] 
On the other hand, the preliminary reduction of the UO 2 doped with Pd nanoparticles was reached at 350°C; at this temperature, XPS spectra showed that uranium was actually U(IV). Considering that at 350°C the non-doped UO 2 was not completely reduced [17] it seems that the presence of Pd nanoparticles in the UO 2 facilitates the reduction of the uranium on the surface. The flow rate of the gas mixtures was always 15 ml/min The flow rate of the gas mixtures was always 15 ml/min Table 3 shows the main characteristics of the U 4f 7/2 band measured at the end of the experiments in the presence of argon and water vapor. From the deconvolution of this peak into the U(IV), U(V) and U(VI) bands, the oxidation state of the uranium in the surface of the solid can be calculated. The percentages of U(IV), U(V) and U(VI) exposed at different temperatures are shown in Fig. 1 .
Uranium was oxidized at all three reaction temperatures and the extent of oxidation increased with increased temperature. U(IV) percentage at 100°C, 200°C, and 350°C were 57%, 42% and 7%, respectively. These results confirmed previous observations that temperature favors the oxidation of UO 2 by water vapor [5, 9, 24-26].
UO 2 doped with Pd nanoparticles
The characteristics of the U 4f 7/2 band of the surface of the solids at the end of the experiments carried out with Pddoped samples are given in Table 3 . Figure 2 shows the percentages of U(IV), U(V) and U(VI) obtained by the deconvolution of the U 4f 7/2 band. On one hand, the percentage of U(IV) seems to be independent on the percentage of Pd nanoparticles and only a higher percentage of U(VI) than U(V) in the solid with a higher percentage of Pd nanoparticles should be mentioned, this increase could be due to the participation of Pd in the process of H 2 O molecule breaking on the UO 2 surface (via favoring the hydrogen recombination processes) [5, 23, 24] . On the other hand, oxidation of the UO 2 increased with temperature, as in the non-doped UO 2 samples, and the percentages of U(IV) were similar at temperatures of 200°C and 350°C, independently on the presence of Pd nanoparticles. Both the characteristics of the U 4f 7/2 band and U(IV) percentages were very similar. This would indicate that the presence of Pd nanoparticles did not influence the process of UO 2 oxidation at such temperatures. However, at 100°C the results were different depending on the doping of the solid. As it can be seen in Figs. 1 and  2 , the percentage of U(IV) in the non-doped UO 2 was lower than 60% while in both experiments with doped UO 2 , the surface of the solid presented percentages of U(IV) close to 100%. These observations reinforce the role of Pd in the UO 2 oxidation, showing that, at relatively low temperatures, Pd nanoparticles were able to inhibit the oxidation of UO 2 by water in the presence of argon. However, the possible presence of dissolved H 2 or H atoms contained on Pd-nanoparticles from the previous annealing procedure at 350°C should not be discarded.
Oxidation experiments carried out in the presence of H 2 and H 2 O
The main result obtained in the experiments where Pddoped UO 2 was exposed to H 2 (g) saturated with water vapor was that the surface of the solid at the end of the experiments was composed of only U(IV), independently on the temperature as it can be observed in Table 4 . The U 4f XPS band obtained in all the experiments was characteristic of U(IV) and the U 4f 7/2 band was located at a binding energy of 379.6 ± 0.1 eV, with a FWHM of 2.0 ± 0.1 eV.
This behavior was very different than the observed by Espriu-Gascon et al. [9] in the same experiments with H 2 (g) and water vapor but without doping UO 2 with Pd nanoparticles. In that experiment, water vapor was able to oxidize the surface of the non-doped UO 2 [UO 2 surface at the end of the experiments contained less than 65% U(IV)] at the same temperatures than this work. The comparison between the percentage of U(IV) in both series of experiments (with non-doped and doped UO 2 ) can be seen in Fig. 3 , where a consistent higher percentage of U(IV) is observed when the UO 2 was doped with Pd nanoparticles.
The main conclusion deduced from the reduced surface of the solids doped with Pd nanoparticles is that the presence of such particles completely hindered the oxidation caused by water vapor on the Pd-doped samples in the presence of H 2 . It therefore emphasizes the importance of the presence of epsilon particles and metallic precipitates consisting of Pd in the SNF which would inhibit the oxidation of the fuel matrix if H 2 (g) was present, retarding the oxidation and, consequently, dissolution of the fuel and the release of radionuclides to the environment. 
Conclusions
The main conclusion of this work is related to the capacity of the epsilon particles or metallic precipitates to inhibit the oxidation of UO 2 . In this work, the presence of such particles or precipitates was simulated by depositing Pd nanoparticles on powdered UO 2 .
On one hand, the presence of Pd nanoparticles on UO 2 facilitated the reduction by hydrogen of oxidized phases located on the UO 2 surface during the annealing treatment. On the other hand, avoided the oxidation of UO 2 by H 2 O in the presence of H 2 (g) in a range of temperatures between 100 and 350°C. In the presence of argon and water vapor, the oxidation of UO 2 was also inhibited at a relatively low temperature (100°C). However, there might be some hydrogen molecules from the annealing treatment that could be responsible for the results observed on the sample surface at low temperatures.
These conclusions indicate that epsilon particles and metallic precipitates located in the SNF could be critical on controlling the oxidation and reduction of the SNF matrix, and, by extension, the dissolution of the fuel and the release of radionuclides.
